Introduction
Frailty is a clinical state and can be quantified to characterise the degree to which older adults are at risk of adverse outcomes, such as functional decline, hospitalisation and mortality [1, 2] . Despite the compelling evidence that frailty is associated with adverse health outcomes, there is still a great deal we do not know about the emergence of frailty in later life. Cross-sectional studies have shown, not surprisingly, that a higher age is associated with higher frailty levels [3] . However, the rate of increase in frailty with ageing still has to be determined [4] . This is needed to better understand how frailty develops, information which can be used to predict future healthcare use. Longitudinal studies over an extended period allow us to investigate the extent to which the degree of frailty changes as people age.
Besides describing general changes in frailty with ageing, it is also important to provide insight into variability in change between subgroups. Some groups may experience stronger increases in frailty over time than do others. In cross-sectional studies, the degree of frailty has been shown to be related to various socio-demographic characteristics, such as sex and educational level (e.g. females and less educated people have higher frailty levels) [5, 6] . It is largely unknown whether these characteristics also determine changes in the degree of frailty.
Among the many operational definitions of frailty [7] , the widely used frailty index (FI) quantifies the individual accumulation of health deficits, such as diseases, symptoms, signs or disabilities [8] . So far, the FI has mainly been used in cross-sectional studies or in longitudinal studies as a predictor of adverse outcomes [9] . The continuous nature of the instrument and its sensitivity to measure levels of frailty would also qualify the FI as an outcome measure and as a means of studying longitudinal frailty trajectories [4, 10, 11] .
In the current study, we examine frailty trajectories over 17 years. Using data from six waves of the Longitudinal Aging Study Amsterdam (LASA), we investigated changes in the degree of frailty during later life, and the extent to which socio-demographic characteristics influence these changes.
Methods
Design and study sample LASA is an ongoing study on physical, emotional, cognitive and social functioning of older adults in the Netherlands, based on a nationally representative sample. The study started in 1992-93 with 3,107 respondents aged 55-85 years. Follow-up visits are made approximately every three years. Data are collected in a face-to-face main interview and in a separate medical interview (including clinical tests) in the respondent's home by trained interviewers. More details on the sampling and data collection of LASA have been published previously [12] . The study received approval by the medical ethics committee of the VU University Medical Center. Signed informed consent was obtained from all participants.
For the present study, we used the second LASA measurement wave (1995-96) as our baseline observation, since various instruments needed to measure frailty were included from this wave onwards. We used data from six consecutive measurement waves over a period of 17 years (T1 =  1995-96, T2 = 1998-99, T3 = 2001-02, T4 = 2005-06,  T5 = 2008-09 and T6 = . The sample consisted of respondents aged 65 years and older who participated in the main face-to-face interview of T1 (N = 1,738), and who had enough data available to calculate the degree of frailty (missing data for 79 respondents). This resulted in a final dataset of 1,659 respondents, who provided 5,211 observations (N = 1,659 at T1, N = 1,260 at T2, N = 930 at T3, N = 611 at T4, N = 454 at T5 and N = 297 at T6). Respondents for whom no follow-up data was available (N = 399) were older, lower educated, more often male, more often without partner and had a higher degree of frailty.
Measurements
At each measurement wave, the degree of frailty was measured with an FI, based on the deficit accumulation approach [8] . The construction of this FI in LASA and its validation for mortality have been published [10] . In summary, for the construction of the FI a standard procedure was followed [13] . The FI includes 32 health deficits from physical, mental and cognitive domains. Variables included self-reported chronic conditions (11 items); functional limitations (6 items); self-rated health (2 items); mental health (6 items from the CES-D depression scale); physical activity (1 item); cognitive health (5 items, based on self-reported memory complaints and domains of the MMSE); and physical performance measured by gait speed (1 item). All deficits were scored between 0 and 1, where 0 indicates the absence of the deficit and 1 the presence of a deficit. See Supplementary data for an overview of all included variables and cut-off values (Appendix A, available at Age and Ageing online). We did not calculate a frailty score for participants with more than 20% missing variables of the FI. This commonly used criterion allows maximum use of available data without excessive reliance on imputation procedures [14] . A frailty score was calculated for each participant by dividing the sum of the health deficit scores by the total number of health deficits measured. This resulted in a score between 0 (no deficits present) and 1 (all deficits present). For example, if a person had eight points out of 32, the FI score was 8/32 = 0.25. In the current study, the construction of the FI and cut-off values for each item were identical across all measurement waves.
Independent variables included socio-demographic variables (age, sex, educational level, partner status; all measured at baseline), and follow-up time in years since baseline. Educational level was measured with a question on highest level of education attained, on a nine-category scale. We distinguished three groups of educational level: low (elementary school or less), medium (lower vocational or general intermediate education), and high (intermediate vocational education, general secondary school, higher vocational education, college or university). Partner status indicated whether a respondent had a spouse or partner.
Statistical analysis
Descriptive statistics were calculated to describe the study sample across all measurement waves. To study longitudinal frailty trajectories over a period of 17 years, we used Generalized Estimating Equations (GEE), which takes into account the dependency between repeated measures [15] . The GEE analysis was executed with a 5-dependent correlation matrix. Because of the distributions of the FI score (slightly skewed to the right), the natural log of the FI score was used in the GEE analysis. Estimates were later back-transformed for descriptive purposes (e.g. to show trajectories in a figure). Three models were tested. In the first model, changes over time in FI score were examined, adjusted for age at baseline and sex. Based on the intercept and time slope, the doubling time of the number of deficits was calculated as an indicator of the rate of increase (relative increase). In the second model, educational level and partner status were additionally included as covariates. To study the effects of the socio-demographic factors (age, sex, educational level and partner status) on changes over time in FI score, interaction-effects between these factors and time were included in the third model. We tested non-linear change by adding a quadratic term for time, but this was not statistically significant and therefore excluded from the final models. All analyses were done in IBM SPSS Statistics 22 (IBM Corp. Armonk, NY). Table 1 shows the characteristics of the study sample. At baseline, half the sample was aged <76 years, a slight majority were female, and similarly large fractions (~43%) had low levels of education, and/or no partner. The median FI score was 0.179 and increased across subsequent measurement waves ( Table 1 ). Note that the differences in FI scores between measurement waves presented in this table cannot be interpreted as trajectories, due to attrition between measurement waves. At baseline, higher median FI scores were seen in women (0.195), older people (0.221 in those aged 75+), and in those with low education (0.203) and without a partner (0.218).
Results
Model 1 of the GEE analyses (Table 2) shows that the FI score increased with ageing (B Time = 0.052, P < 0.001). Using estimated means from the GEE analysis, the overall mean FI score at baseline was 0.165 and increased to 0.388 after 17 years of follow-up. This corresponds to an average doubling time in the number of deficits of 12.6 years, which is illustrated by the line of the total population in Figure 1 . Model 1 also indicates that women (B = 0.184, P < 0.001) and those with a higher age at baseline (B = 0.038, P < 0.001) had higher overall FI scores. Model 2 shows that those with medium (B = 0.078, P < 0.05) and low levels of education (B = 0.164, P < 0.001) had higher FI scores compared to respondents with a high level of education. Higher levels of frailty were also observed in people without a partner (B = 0.096, P < 0.01). Model 3 (Table 2 ) demonstrated a statistically significant interaction effect between age and time, indicating that the absolute increase in FI score was higher in those with a higher age at baseline (B = 0.001, P < 0.001). Furthermore, the interaction effect between partner status and time showed a lower absolute increase in FI score for people without a partner (B = −0.007, P < 0.05). Educational level and sex did not affect change in FI score. In Appendix B (available at Age and Ageing online), sex-stratified analyses are shown, indicating that differences between men and women remained the same during 17 years of follow-up.
To get insight into the stability of the rate of increase in FI score during later life, we also calculated the doubling time in the number of deficits by age group. Although the absolute change in FI score was higher in the highest age group (75+ years), the rate of increase remained relatively stable, as the doubling time in the number of deficits was 12.7 years among people aged 65-75 years (N = 785), and 12.5 years among those aged 75+ years (N = 874) (Figure 1 ).
Discussion
In this 17-year longitudinal study of Dutch older adults the estimated mean FI score increased from 0.17 to 0.39. Higher baseline FI scores were observed in people with a higher age, women, lower educated and people without a partner. Even so, the rate of increase in FI score was the same for all groups, except for those without a partner, in whom it increased more slowly.
In the current study, the estimated doubling time of health deficits was 12.6 years. This is faster than observed in a previous study that made use of longitudinal data without applying an analytical technique for repeated measures (15.4 years doubling time) [4] . The increase is also much faster than in cross-sectional studies, in which an age-related doubling time of 20 years or more has been observed [4] . This is crucial information for health-policy makers and healthcare professionals. However, more studies are needed to confirm our findings with regard to the doubling time. A direction for future research may be a comparison with different analytical techniques (e.g. longitudinal models accounting for the competing risk of death), using data from cohort studies in different countries and settings.
Our findings with regard to the effect of baseline age on changes in FI scores over time corroborate and extend previous cross-sectional studies. Although our analyses revealed Analyses included N respondents = 1,659 and N observations = 5,211; Age, educational level and partner status were measured at baseline; High educational level is the reference group; The outcome measure is the log-transformed FI score. that absolute changes in FI scores were greater among those with a higher baseline age, the rate of change, as expressed by the doubling time of health deficits, was the same for different age groups. This confirms evidence from crosssectional studies, showing that health deficits accumulated exponentially with age [3, 16, 17] . Our study confirmed well-known sex differences in frailty, as our results showed that women have higher FI scores and accumulate more deficits than men [18] . However, sex did not affect change in FI score, which was illustrated by persisting sex differences during 17 years of follow-up. A low level of education was associated with higher baseline frailty levels, but not with changes in frailty over time. This is in line with previous studies, which also showed persisting educational inequalities in frailty in later life, although measured with different frailty instruments [19, 20] . At the same time, given that the FI score cannot exceed a certain limit, one would expect a lower rate of increase among lower educated compared to higher educated-just like we observed in people without a partner. However, the statistically significant effect of partner status may be explained by an underlying gender effect, as women are overrepresented among those without a partner. The combination of being female and having no partner may have led to higher baseline FI scores, which lowered the chance of further increase in frailty during follow-up.
Reducing frailty and its negative health consequences is a priority for public health [21] . Our results showed that the average FI score increased from 0.17 to 0.39 over a period of 17 years, which means that a large part of the older population will ultimately reach clinically relevant levels of frailty (i.e. an FI score of at least 0.25) [22] [23] [24] . We also found that differences in frailty between subgroups are already manifest by the age of 65. This means that preventive strategies aimed at reducing the development and progression of frailty should be adopted in earlier life stages. However, additional longitudinal research is needed to get a better picture of the development of frailty over the life course. Future studies may include samples of adults in midlife, or even earlier in life to better capture the emergence of frailty in high risk groups. Future research might also focus on the impact of time-varying variables such as specific health conditions, and variables related to social vulnerability (e.g. social resources, such as support from the social network [25] ), to see to what extent they shape deficit accumulation in later life.
To our knowledge, this is one of the first studies focused on longitudinal changes in the degree of frailty over an extended time period [26] . The large number of observations across a period of 17 years, with a consistently measured FI at each wave, facilitated the investigation of frailty trajectories in a representative sample of Dutch older adults. Changes in frailty with ageing were studied for the total population and for specific subgroups. Nevertheless, there were also important limitations. First, as in all longitudinal studies, there is attrition of respondents, which can lead to a relatively healthy sample and underestimation of the increase in FI scores over time. Second, LASA waves were conducted at 3-year intervals. Some participants may have dropped out from the study after a period of rapid decline, which is not captured by the data. The results of our analyses only pertain to the generation that was 65 years and over in 1995 and neglects possible period and cohort effects. This should be addressed in future research. Recent studies have shown, for example, cohort differences in the levels of frailty and in the lethality of frailty [27, 28] . Finally, our estimates evaluate only the average case, which is one of decline. Frailty itself shows considerable dynamics, typically conditioned on the starting state, so that those with fewer deficits are more likely to show stability or improvement [29, 30] .
In conclusion, this 17-year longitudinal study among Dutch older adults showed that the degree of frailty increased with ageing, faster than the age-related increase previously observed in cross-sectional studies. Various sociodemographic characteristics, such as a low educational level, were associated with higher baseline frailty scores. However, the rate of increase in frailty was the same for most groups. This contains an important message for health-policy makers, as it shows that differences in frailty already develop in earlier stages of the life course. During later life, although the number of new deficits added each year grows, the rate of deficit accumulation seems to be relatively stable.
Key points
• This study investigated longitudinal frailty trajectories over a period of 17 years.
• A 32-item FI based on the deficit accumulation approach was used.
• The average doubling time in the number of deficits was 12.6 years.
• This doubling time is much faster than the age-related increase previously observed in cross-sectional studies.
• Socio-demographic characteristics determined frailty levels at baseline, not the rate of increase.
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